The skin, as the outermost barrier of the body, must provide the first line of defense against environmental free radical attack caused by, for example, exposure to UV radiation, ionizing radiation, chemical oxidants, and aerobic microorganisms. Therefore, the skin has developed a complex antioxidant network that includes enzymatic and non-enzymatic components.
Premature aging, immune suppression and skin cancer are its possible late effects.
3) Erythema formation is the result of local increases of blood flow, in the regulation of which nitric oxide (NO) has been known to play an important role. 4) In fact, UV radiation-mediated expression of inducible nitric oxide synthase (iNOS) was reported in the vessel endothelia of normal human skin and in cultured human dermal endothelial cells. 5) iNOS has been implicated in the pathogeneses of various inflammatory syndromes, including asthma, 6) transplant rejection, 7) inflammatory bowel disease, 8) rheumatoid arthritis, 9) septic shock 10) and parasitic infections. 11) The expression of iNOS is also strongly implicated in psoriasis 12) and other inflammatory skin conditions including UV irradiation as stated above. 5) Reactive oxygen species (ROS) have been connected with the pathogenesis of both inflammation syndromes 13) and UV-caused skin damage. 14) Similarly, the predominant event for ionizing irradiation of cell and tissue is the generation of ROS, for example, hydroxyl radicals and superoxide anion. 15) In addition, the involvement of iNOSderived NO in acute radiation syndrome is suggested by an increase of iNOS gene expression or iNOS enzyme activity in the liver, 16) intestine, 17) colon and ileum 18) and brain. 19, 20) NO has been detected in liver 21) and mammary tumorigenesis 22) after X-ray irradiation. However, there is no report on the direct measurement of the generation of NO and the expression of related enzymes, nitric oxide synthase, in ionizing radiation induced skin inflammatory reactions. In the present study we tried to measure NO production and NOS expression in mouse skin after high-dose X-ray irradiation.
MATERIALS AND METHODS
Reagents Leupeptin, aprotinin, pepstatin, sodium orthovanadate and sodium fluoride were products of Sigma. AntiiNOS polyclonal antibody was a product of Santa Cruz Biotechnology Inc., Santa Cruz, U.S.A. (Catalog number: sc-650). The 5-20% resolving mini gels were purchased from BioRad Laboratories. Peroxidase linked anti-mouse and antirabbit secondary antibodies were products of Amersham Biosciences Co., Piscataway, U.S.A. (Catalog number: NA-934 and NA-931, respectively). Water was double distilled and treated with an ultra-pure water apparatus (Simpli Lab, Nihon Millipore K.K., Tokyo, Japan). Hematoxylin was from Vector Laboratories, Inc., Burlingame, CA, U.S.A. (Cat. No. H-4301) and 0.5% eosin Y ethanol solution was from Wako Inc., Japan. Aminoguanidine was purchased from Sigma. DNA ladder marker was the product of Bayou Biolabs, Harahan, LA, U.S.A.
Irradiation of Mice Four-week-old male hairless mice (Hos:HR-1) were purchased from Japan SLC Co., Hamamatsu, Japan and kept in the animal house of the National Institute of Radiological Sciences for two weeks, with water and food freely available. Mice were anesthetized with pentobarbital at a dose of 50 mg/kg body weight (bw). Adhesive tape was used to immobilize the mice on a Lucite plate and position their right hind legs. Local irradiation was performed using X-rays generated with Pantak HF-320S (Shimadzu, Kyoto, Japan) at a dose rate of 1.27 Gy/min. A combination of toroidal and circular lead plates (Ͼ30 mm thick) with a 30-mm gap was used to protect the other organs of the mice. Inducible nitric oxide synthase (iNOS) and NO have been suggested to be involved in acute radiation response in tissues such as the liver, intestine, colon, and brain. However, direct measurement of NO and iNOS in ionizing radiation-induced skin inflammatory reactions is not reported yet. We show here for the first time, by in vivo experiments, that X-ray irradiated mouse skin generates NO with concomitant expression of iNOS at both the mRNA and protein levels. When irradiated at 50 Gy, iNOS mRNA appeared at day 8 post-irradiation, whereas iNOS protein could be detected only at day 14. No iNOS protein was detectable however for the mice receiving 5 or 15 Gy irradiation, even at day 14. Skin inflammatory reactions were observed at day 8 post-irradiation as an increase in skin thickness, which increased further by day 14. Histological observations showed acute inflammatory responses. The parallel relationship between iNOS induction and the onset of skin inflammatory reactions suggests the involvement of iNOS and NO in the skin damage. Immunohistochemical staining showed the localization of iNOS at skin erosion areas, exudate and infiltrating cells. Taken together, these findings sugirradiated skin was measured on day 8 and day 14. The mice were killed by decapitation and the skin of the dorsal side at the upper third of the right leg was sampled and immediately measured using a micrometer (Shinwa Sokutai Company, Osaka, Japan), which gives facilities for measuring the thickness of the removed skin. For the non-irradiated controls, the thickness of the skin at the same position of the right leg was measured.
Measurement of Skin Thickness
Histopathology The skin tissue was washed with phosphate-buffered saline (PBS) after cutting into blocks (1ϫ0.5 cm) and rolling. The rolled skin tissue was fixed in 10% buffered formalin for 1 d, dehydrated in 50%, 70%, 95% and 100% ethanol, 20 min each time, and then submerged in xylene twice, 10 min each time. Paraffin-embedded tissue blocks were prepared with a machine (Shandon Embedding Center, Shandon Inc., Pittsburgh, PA, U.S.A.) and were cut with a microtome (Jung SM 2000R, Leica, Nussloch, Germany). Two micrometers thick sections were placed on glass slides and stretched on a slide heating plate at 43°C. The glass slides were incubated in a paraffin oven at 37°C for 1 d. The sections were deparaffinized with two changes of xylene, 10 min each time, rehydrated with two changes each of 100% ethanol and 95% ethanol for 1 min, and then rinsed with tap water for 10 min. Then the sections on glass slides were stained with hematoxylin for 5 min followed by dipping 4 times in tap water, 10 times in acid alcohol (2 ml glacial acetic acid in 98 ml water), and incubation in bluing solution (1.5 ml NH 4 OH in 98.5 ml of 70% ethanol) for 1 min and in tap water for 20 min. The sections on glass slides were stained with 0.5% eosin for 3 s. Dehydration was carried out by incubation in 95% ethanol with two changes, each for 2 min, 100% ethanol with two changes, each for 3 min, and xylene with two changes, each for 2 min. The sections on glass slides were treated with a mounting reagent (O. Kindler, Germany) and then observed under a microscope.
Measurement of Nitrite/Nitrate Concentration in Irradiated Mouse Skin The frozen skin tissue was pulverized into a powder in liquid nitrogen using a freezer mill (6750 Freezer/Mill, SPEX Certiprep, NJ, U.S.A.) and homogenized in ice-cold 50 mM Tris-ethylenediaminetetraacetic acid (EDTA) buffer (pH 7.0). All subsequent procedures were carried out at 4°C. The homogenate was centrifuged at 10000ϫg for 45 min. The supernatant was used to determine the levels of NO metabolites (NO x Ϫ ) by assaying nitrite (NO 2 Ϫ ) plus nitrate (NO 3 Ϫ ) using a Griess Reagent Kit (NO 2 /NO 3 Assay Kit-C, Dojindo Laboratories, Kumamoto, Japan). The absorbance was read on a microplate reader (Multiskan Ascent, Labsystems Oy, Helsinki, Finland) at the wavelength of 570 nm.
RNA Isolation and RT-PCR Analysis Isolation of total RNA from the skin tissue was carried out using TRIzol Reagent (Invitrogen) according to the manufacturer's instructions. The frozen skin sample was pulverized into a powder as mentioned above. One hundred milligrams of skin tissue powder was homogenized in 1 ml of TRIzol reagent in an ice-water bath. Following homogenization, insoluble material from the homogenate was removed by centrifugation at 12000ϫg for 10 min at 4°C. The supernatant was incubated for 5 min at 30°C, and 0.2 ml of chloroform was added. The mixture was shaken vigorously by hand for 15 s, incubated at 30°C for 3 min, and then centrifuged at 12000ϫg for 15 min at 4°C. RNA remains in the aqueous phase. Then the aqueous phase was transferred to a fresh tube and 0.5 ml of isopropyl alcohol was added and mixed. The mixture was incubated at 30°C for 10 min and centrifuged at 12000ϫg for 15 min at 4°C. The resultant RNA pellet was mixed with 1 ml of 75% ethanol, vortexed, and then centrifuged at 7500ϫg for 5 min at 4°C. At the end of the procedure, the RNA pellet was air-dried for 10 min. Then the RNA pellet was dissolved in diethylpyrocarbonate-treated water for reverse transcription-polymerase chain reaction (RT-PCR). The purity of the RNA was examined by measuring a 260/280 O.D. ratio and the sample having the value of 1.6 to 1.9 was used. RT-PCR was carried out using a Onestep RT-PCR kit (QIAGEN) with RNase inhibitor (Roche Diagnostics Corporation) according to the manufacturer's instructions. Primers were synthesized by Oligo Sigma Genosys (Tokyo, Japan). The forward sequence of gylceraldehyde-3-phosphate dehydrogenase (GAPDH) primers (AACTTTGGCATTGTGGAAGG) was chosen because one half of the primer hybridizes to the 3Ј end of exon 4 and the other half to the 5Ј end of exon 5 and the reverse sequence (ACACATTGGGGGTAGGAACA). The product was a 223 bp fragment of murine GAPDH cDNA. The primer's iNOS forward sequence (GCTG-TTCTCAGCCCAACAAT), one half of which hybridizes to the 3Ј end of exon 2 and the other half to the 5Ј end of the exon 3 and the reverse sequence (GGCCTTGTGGTGAA-GAGTGT), were chosen to amplify a 195 bp product of murine iNOS. The PCR reaction mixture contained 0.6 mM of each primer, 0.3 mM of each dNTP, 2.0 ml of enzyme mixture, 10 units of RNase inhibitor and 9 mM of ϫ5 QIAGEN Onestep RT-PCR buffer in a total volume of 50 ml. Amplification was carried out in a Thermal iCycler (Bio-Rad Laboratories, Hercules, CA, U.S.A.). The conditions for amplification were 30 min at 50°C for reverse transcription, 15 min at 95°C for initial PCR activation, 33 cycles of 3-step cycling and 10 min at 72°C for final extension. The 3-step cycling consisted of 45 s at 94°C for denaturation, 35 s at 60°C for annealing and 1 min at 72°C for extension. The mixture of 24 ml of the PCR product and 4 ml of 1ϫ6 loading buffer (Bayou Biolabs, LA, U.S.A.) was subjected to non-denaturing vertical 1.8% (w/v) agarose gels in Tris-borate-EDTA buffer for electrophoresis and a 100-bp DNA ladder (Bayou Biolabs, LA, U.S.A.) was used for reference. Gels were stained with ethidium bromide and detected under UV light. For quantitative analysis, an ECL-mini camera (Amersham Biosciences, U.S.A.) was used.
Western Blot Analysis Skin tissue was removed from the right-hind leg at 10 d after irradiation, immediately frozen in liquid nitrogen, and stored at Ϫ80°C. The frozen skin samples were pulverized into a powder in liquid nitrogen as mentioned above. Skin tissue powder was homogenized in an ice-water bath with 8 volumes of lysis buffer, containing 50 mM Hepes, pH 7.4, 100 mM 2-mercaptoethanol, 1 mM EDTA, 1 mM ethylene glycol bis(2-aminoethylether)-tetraacetic acid, 1% Tween 20, 1% Triton X-100, 1 mg/ml each of pepstatin, leupeptin and aprotinin, 1 mM phenylmethylsulfonyl fluoride, 1 mM sodium orthovanadate and 1 mM sodium fluoride. The mixture was centrifuged at 10000ϫg for 10 min at 4°C and the protein content of the supernatant was determined by the Bradford method using a protein assay kit (BioRad Laboratories). The supernatant was added with a sample buffer containing 1.6% sodium dodecylsulphate, 5% glycerol, 0.1 M dithiothreitol, 0.002% bromphenol blue and 62.5 mM Tris-HCl (pH 6.8) and the mixture was heated to 100°C for 5 min. Fifty-five micrograms of protein was applied to each lane of a gradient gel (5-20%, BioRad Laboratories). After electrophoresis at a constant 40 mA/gel, the proteins were transferred to a polyvinylidene fluoride (PVDF) membrane (BioRad Laboratories, 0.2 mm), and briefly stained with Ponceau S (Sigma) to verify efficient transfer. The PVDF membrane was incubated for 30 min at 37°C in a blocking solution containing 5% non-fatty dry milk, 0.04 M Tris-HCl, pH 7.6, 0.8% NaCl and 0.5% Tween 20, followed by a 30 min incubation at 37°C with a rabbit polyclonal anti-iNOS antibody and subsequent peroxidaselinked anti-rabbit secondary antibody diluted in the blocking solution. Protein bands were detected and quantified with a lumino image analyzer (LAS-1000, Fuji Film, Tokyo, Japan) after staining with ECL plus chemiluminescence detection reagents (Amersham Biosciences Co., Piscataway, U.S.A.). Membranes were reprobed with anti-actin antibody to verify equal loading of proteins. The exposure time for detection and quantity of iNOS and actin bands with the lumino image analyzer was 30 min and 8 min, respectively. To inhibit the expression of iNOS, aminoguanidine was administered to the mice 15 min prior to irradiation by intraperitoneal injection at a dose of 20 mg/kg bw and after irradiation through drinking water (0.4%).
Immunohistochemistry For immunohistochemical staining, the fresh skin was embedded in Tissue-Tek OCT compound (Sakura Finetechnical, Tokyo, Japan) and frozen in hexane at Ϫ60°C according to Onoda et al. 13) The frozen sections (10 mm thick) were prepared in a Jung MC 1900 cryostat (Leica, Nussloch, Germany), placed on coated glass slides, and allowed to cool air-dry for half an hour. The sections were rehydrated in PBS before immunostaining. Streptavidin-biotin peroxidase immunostaining was carried out with a Vectastain ABC kit (Vector Laboratories, Inc., Burlingame, U.S.A.) according to the manufacturer's instructions. In brief, endogenous peroxidase activity was inactivated with a 0.3% H 2 O 2 /methonal solution for 30 min at room temperature. The sections were washed twice with PBS for 5 min, then blocked using normal serum. Next, the sections were incubated with the first antibody for 60 min and then with the biotinylated second antibody for 30 min. Antibody localization on the specimens was visualized with 3,3Ј-diaminobenzidine tetrahydrochloride as a chromogen. The sections were counterstained with hematoxylin, dehydrated, and mounted with a mounting reagent (O. Kindler, Germany).
Statistical Analysis The Student's t-test was used to test the significance between the groups. The level of significance was taken as pϽ0.05.
RESULTS

Effect of X-Ray Irradiation on Skin Thickness
Skin inflammatory reactions were caused by local X-ray irradiation (50 Gy). We measured skin thickness for a possible marker of skin inflammation reactions. The skin thickness increased at the irradiated area compared to the non-irradiated skin (Fig. 1) .
Effect of X-Ray Irradiation on Histological Change
Histological examination showed that skin erosion or desquamation, infiltration of inflammatory cells, and exudates or epidermal hyperplasia were observed at 14 d after irradiation (Figs. 2C, D) . In contrast, the normal mouse skin showed a few layers of epidermis and loose connective tissue (Figs.  2A, B) .
NO Generation in Irradiated Mouse Skin
To verify NO generation, nitrite and nitrate in the skin homogenate were measured using Griess method. In the control mice, NO 2 Ϫ (Fig. 3A) and NO 3 Ϫ (Fig. 3B ) levels were 1.03Ϯ0.13 mmol/l and 13.1Ϯ7.08 mmol/l, respectively, in the skin homogenate (1 g tissue in 6.5 volume of buffer). In irradiated mice, both NO 2 Ϫ and NO 3 Ϫ levels increased 3-and 2.3-folds, respectively, from the control. The results indicate the production of NO in irradiated mouse skin.
Effects of X-Rays on the Expression of iNOS
To test whether NOS was expressed in the skin inflammatory reactions, RT-PCR and Western blotting analyses were performed on the mouse skin that locally received 50 Gy X-ray irradiation. Induction of iNOS was observed in irradiated mouse skin at the mRNA level by RT-PCR (Fig. 4) . In vivo expression of iNOS mRNA was time-dependent (Fig. 4) . The expression of iNOS protein after X-ray irradiation was also detected by Western blotting (Figs. 5B, C) . However, no expression of endothelial or neuronal NOS (eNOS and nNOS) was observed by Western blotting (data not shown). To characterize the expression pattern of iNOS protein, mice were locally exposed to 5, 15, or 50 Gy X-rays, and skin samples were collected on day 8 (Fig. 5A) and day 14 (Fig. 5B) after irradiation. The iNOS protein was detectable only on day 14 for the sample exposed to 50 Gy of irradiation; it was undetectable for the samples exposed to 5 Gy or 15 Gy irradiation even on day 14. When the mice were administered aminoguanidine, an iNOS preferential inhibitor, before irradiation (20 mg/kg bw, intraperitoneal injection) and after irradiation (0.4% in drinking water), the expression of iNOS was completely inhibited (Fig. 5C) .
Localization of iNOS Expression in Irradiated Mouse Skin
To identify the distribution of iNOS in the skin, immunohistochemical staining analysis was performed at day 14 for the irradiated mouse skin. Intense iNOS positive staining was observed at the skin erosion area, exudate and infiltrating cells (Figs. 6C-F) compared to the negative staining in non-irradiated mouse skin (Figs. 6A, B) . We used three groups of 3 or 4 mice each. Two groups received a single 50 Gy dose of X-rays on the right hind leg. The other group was for sham-irradiated control. The skin thickness was measured at day 8 and day 14. * Statistically significant, pϽ0.001.
DISCUSSION
The mechanisms of biological effects of ionizing radiation are still enigmatic. The skin reactions to X-rays are time-and dose-dependent, 23) but the molecular mechanisms underlying the skin reactions are not fully understood. The skin is a tissue that undergoes periodic renewal through the differentiation of the stem cell. 24) The available experiments support that there is a balance between cell differentiation and proliferation and cell killing in the skin after irradiation.
24) The biological effects of ionizing radiation are both direct and indirect and ROS are considered an important mediator both in acute radiation responses and in late effects. 15) We show here for the first time by in vivo experiments that X-irradiated mouse skin generates NO with concomitant expression of iNOS both at the mRNA and protein levels. The expression of iNOS is time-dependent, and was inhibited by the in vivo administration of an inhibitor, aminoguanidine. When irradiated at 50 Gy, mRNA of iNOS appeared at day 8 after irradiation, whereas iNOS protein could be detected only at day 14. No iNOS protein was detected for the samples receiving 5 or 15 Gy irradiation even at day 14. We observed a skin inflammatory reaction, an increase in skin thickness, at day 8 after irradiation, and it increased further by day 14. Iwakawa et al. reported that skin reactions begin from day 10 and reach a maximum at 20-25 d post-irradiation, using 20-60 Gy X-rays in five strains of mice. 25) Therefore, the detection of iNOS protein at 10-14 d suggests that the expression of iNOS is an early event of the skin reaction after X-ray irradiation. Since eNOS or nNOS expression was not detected in X-ray irradiated skin, the NO observed in X-ray irradiated skin is probably derived from iNOS.
The skin inflammatory reactions were identified by both skin thickness and histological examination. The change in skin thickness may be the result of the edema and epidermal proliferation and could be a relatively accurate endpoint for skin inflammatory reactions compared to erythema. Histological observations further showed typical acute skin inflammatory responses including edema, exudates, infiltrating cells and erosion, and proliferation in some area of the epidermis.
There were no visible skin reactions at doses of 5 and 15 Gy and in parallel iNOS expression was undetectable at such doses. At 50 Gy, both skin inflammatory reactions and iNOS expression were clearly observed. Therefore, a relatively high dose is required in hairless mice for the induction of iNOS and the onset of skin inflammatory reactions, and both occur in parallel.
iNOS-derived NO is reportedly involved in the response of bone marrow stromal cells 26) and macrophages 27) to high doses of ionizing radiation. High output of NO in the mouse liver within several hours after whole body X-ray irradiation has also been reported. 21) DNA damage and ROS are two factors that have been known to trigger the expression of iNOS and generation of NO. 27, 28) The expression of iNOS that we observed here occurred after a latency period after irradiation. This suggests that the induction of iNOS is not likely to be the initiating event by irradiation but rather a secondary reaction. ROS directly generated by irradiation of the skin is of short half-life and may be eliminated or reduced by the antioxidant networks in the skin. However, the ROS may newly mediate generation of different ROS by triggering lipid chain reactions, delivering unpaired electrons to other molecules, or activating signaling cascade. 15, 29) Continuous generation of ROS may lead to persistent oxidative stress status, which may further activate various signaling pathways and expression of related proteins.
To learn the distribution of the expression of iNOS in the skin, immunohistochemical staining was used. Strong iNOS staining was observed in the skin erosion area and in infiltrating cells. It has been reported that NO is produced by infiltrating cells in both the epidermis and dermis of skin irradiated with UVB and that H 2 O 2 is also generated simultaneously in the infiltrating cells. 14) This NO and H 2 O 2 may be re- The mice received local irradiation on the right hind leg and skin samples were collected after irradiation. The skin homogenate was used for the detection of iNOS protein with Western blotting. A: We used four groups of 3-5 mice each. The groups received doses of 5, 15 and 50 Gy of local irradiation and the other group was for sham control. Skin samples were collected at day 8 after irradiation. B: We used four groups of 3-5 mice each. Three groups received doses of 5, 15 and 50 Gy of local irradiation and the other group was for sham control. Skin samples were collected at 14 d after irradiation. C: We used four groups of 4 or 5 mice: aminoguanidine-treated, -untreated, irradiated-and unirradiated. Aminoguanidine in PBS was intraperitoneally administered to the mice (40 mg/kg bw) 15 min before irradiation and 0.4% in daily drinking water after irradiation. X-ray irradiation of 50 Gy was performed on the right hind legs of the mice. Skin samples were collected at 14 d after irradiation and the skin homogenate was used to detect iNOS protein with Western blotting.
Fig. 6. Immunohistochemical Localization of iNOS Protein in Mouse Skin after Irradiation
Mice were X-irradiated locally with 50 Gy on the right hind leg and the skin of the irradiated area was collected at 14 d after irradiation. Sections of the skin (10 mm thick) prepared from OCT compound-embedded skin tissue blocks were incubated with a rabbit polyclonal anti-iNOS antibody. Subsequently, streptavidin-biotin peroxidase immunostaining was carried out with a Vectastain ABC kit. Sections from irradiated skins (C, D, E, F) and non-irradiated skins (A, B) were shown (scale bar: 50 mm for E, F, 100 mm for B, C, D and 500 mm for A). Strong staining is seen at ulceration area (arrow) and at exudate and infiltrating cells (arrowhead) for irradiated skin (C, D). The micrographs E and F are larger magnification of C and D, respectively. sponsible for oxidative stress and this might also be true for X-irradiated skin damage.
The biological role of iNOS, protective or damage-promoting, is a controversial issue. It was proposed earlier that iNOS expression was damage-promoting, 30) but more recent data apparently demonstrate that its role is more differentiated. 30, 31) The results of immunohistochemical staining show that positive iNOS staining is mainly localized in the skin erosion area. Thus it seems that iNOS is associated with the destructive injury of the skin, which is consistent with the earlier conclusion of the damage-promoting effect of iNOS. To determine the biological role of iNOS in skin, however, the cellular source of NO production should be identified. 32) The functions of iNOS are intriguing because of its contradictory effects. Recent studies imply that iNOS is associated with cell proliferation and differentiation even its functions are still controversial. 33) 
